We design from first principles a new type of two-dimensional metal-organic frameworks (MOFs) using phenalenyl-based ligands to exhibit a half-filled flat band of the kagome lattice, which is one of the lattice family that shows Lieb-Mielke-Tasaki's flat-band ferromagnetism. Among various MOFs, we find that trans-Au-THTAP(trihydroxytriaminophenalenyl) has such an ideal band structure, where the Fermi energy is adjusted right at the flat band due to unpaired electrons of radical phenalenyl. The spin-orbit coupling opens a band gap giving a non-zero Chern number to the nearly flat band, as confirmed by the presence of the edge states in first-principles calculations and by fitting to the tight-binding model. This is a novel and realistic example of a system in which a nearly flat band is both ferromagnetic and topologically non-trivial.
Introduction. -The exploration and discovery of new strongly-correlated or topologically non-trivial materials drive much of modern condensed-matter physics, yet an experimental design of such materials is still challenging. One class of materials that could greatly extend possibilities of material designing is, in our view, metal-organic frameworks (MOFs). These are crystalline materials composed of metal ions and bridging organic molecules, which have been the subject of numerous investigations in inorganic and materials chemistry [1] . Owing to their typically trivial and localized electronic states, MOFs have not attracted much attentions from condensedmatter physicists. However, recent experimental success in fabricating atomically layered two-dimensional (2D) MOFs with kagome lattice structures, initiated by the Nishihara group [2] [3] [4] [5] , is bridging the gap between condensed-matter physics and chemistry. The Dincȃ group also succeeded in creating 2D MOFs [6, 7] . (Similar 2D MOFs have been fabricated by other groups [8] [9] [10] [11] .) Some of these new 2D MOFs have been theoretically proposed to become organic Z 2 topological insulators [12] [13] [14] [15] [16] [17] or half-metallic ferromagnets [18] [19] [20] [21] .
The kagome lattice has a virtue of its electronic structure exhibiting a flat band at the highest (or lowest) energy. It has been proven that the tight-binding Hubbard model on the kagome lattice has a non-trivial ground state (far different from the atomic limit) showing itinerant ferromagnetism at arbitrary on-site Coulomb repulsion U > 0 when the flat band is half-filled [22] . While several classes of lattices are known to show the flatband ferromagnetism, as proposed by Lieb, Mielke and Tasaki [23] [24] [25] [26] , the kagome lattice has an advantage that it is a realistic structure from a synthetic point of view, and does not require fine tuning for hopping parameters to accommodate a flat band [27] . When spin-orbit coupling (SOC) is introduced, the energy gap opens between neighboring bands, and the flat band becomes topologically non-trivial with a nonzero Chern number [28] . Although experimental results on a topological insulator in the bosonic system of the kagome lattice are known [29] , the fermionic electron system is more useful for possible applications in electronics and spintronics. It has been discussed that if the nearly flat band with a non-zero Chern number is fractionally filled and is well separated from other bands, the system could be a fractional Chern insulator [28, 30, 31] .
So far, it has been difficult to realize a partially filled flat band in a 2D kagome lattice (i.e., one where the Fermi energy is adjusted to the flat band). Whereas some quasi-one-dimensional (quasi-1D) inorganic systems [32] [33] [34] and a quasi-1D organic doped molecular system [35] have been proposed as possible candidates for nearly flatband ferromagnetism, there is no experimental realization in 2D crystalline systems, as originally proposed by Lieb, Mielke, and Tasaki. Theoretically, Liu et al. [36] proposed that an In-based 2D organic nanosheet could possess a topologically non-trivial flat band near the Fermi energy; however, this material still needs additional hole doping to be ferromagnetic. Moreover, it may be difficult to experimentally realize such a 2D structure because the highly covalent bond between indium and carbon would not lead to the formation of crystalline materials.
In this Rapid Communication, we propose new 2D MOFs with kagome structures from first principles, where we can show that the flat band of a kagome lattice is indeed expected to be half-filled with the appropriate choice of organic ligand. The essential idea is to use an organic neutral radical called phenalenyl as a building block. In the absence of such an organic radical, hole doping would be necessary as described previously [36, 37] . Based on first-principles electronic structure calculations, we discuss that the proposed phenalenyl-based 2D MOF becomes ferromagnetic with the flat band having a nonzero Chern number if SOC is taken into account.
New 2D Metal-Organic Frameworks. -We employ phenalenyl-based ligands [see Z = C
• in Fig. 1(a) , where • represents an unpaired electron]. Owing to their triangular shape, these exhibit the appropriate symmetry to create kagome structures. These ligands are envisaged to be connected with a transition metal (M = Ni, Cu, Pt, Au), where X and Y (= O, S, NH) coordinate [see Fig. 1(b) ]. If M is a spin-1/2 metal (Cu 2+ or Au 2+ in this case), there is one unpaired electron per orbital on each kagome site [38] . An important advantage of a phenalenyl-based ligand is that we can automatically adjust the Fermi energy from the brown dashed line in Fig. 1(c) to the desired position. This can result in halffilling of the flat band of the kagome lattice by transferring two unpaired electrons per unit cell to M due to the neutral stable radical resonance structure of phenalenyl [see the arrow in Fig. 1(c) ]. In the absence of this radical (such as when Z = N), electron or hole doping would be necessary, as described previously [16, 36, 37] . The structure of trans-Au 3 (THTAP) 2 (trans-Au-THTAP, THTAP = trihydroxytriaminophenalenyl) [39] with M = Au, X = NH, Y = O is shown in Fig. 1(d) . Its whole real-space structure and its unit cell (solid line) are illustrated in Fig. 1(e) , with Au atoms occupying each vertex of the kagome lattice.
Electronic Structures From First Principles. -The above expectations to realize a half-filled flat band were confirmed from a first-principles electronic structure analysis. To this end, we used the first-principles electronic state calculation code called openmx [40] , based on density functional theory (DFT). With a repeated slab construction [41], we first calculated possible phenalenyl-based MOFs with M = Cu, Au as spin-1/2 ions. In order to conserve a parity symmetry and break other symmetries to lift the degeneracy, we preferred X = Y and a trans-structure [14] [42] . Then, we found that compounds with M = Cu tend to have a bended band, so we focused on M = Au. Finally, we found that all three remaining candidates (with M = Au and (X, Y) = (O, S), (S, NH), (NH, O)) have a nearly flat band exactly lying on the Fermi energy [43] . Among these, trans-Au-THTAP [(X,Y)=(NH, O)] has the optimal band structure in the sense that its band structure is accurately matched to that obtained from a tight-binding model on the kagome lattice around the Fermi energy.
trans-Au-THTAP. -After geometric optimization, trans-Au-THTAP was revealed to favor a planar structure [44] with an optimized lattice constant of 16.91Å. The band structure calculated without SOC is shown in Fig. 2(a) ] arising from the kagome lattice is approximately half-filled and indeed spin-polarized. This gives a ferromagnetic behavior with a total spin moment of 1.00 µ B /unit cell. We have to note that this spin moment exactly coincides with the expected value for flat-band ferromagnetism [22] . Remarkably, the analysis of the partial density of states (PDOS) for each element clearly shows that the kagome bands near the Fermi energy mostly come from C and N atoms and less from Au d-orbitals [see Fig. 2(b) ]. This real-space property is further confirmed by the analysis of spin density [45] and could be explained by the itin- erant mechanism of ferromagnetism rather than by the interacting localized moments on Au. Moreover, by carrying out a fully relativistic self-consistent calculation on this system, we find that SOC opens a gap of 7. . This system has turned out to be still metallic, due to a slight warping of the nearly flat band. The spinup and spin-down bands are no longer separable when we calculate with SOC, but the z-component of the spin (σ z ) is approximately a conserved quantum number because the calculated magnetic order is always along the z-direction in the case of including SOC. This gives a total spin moment of 0.99 µ B /unit cell, a total orbital moment of 0.02 µ B /unit cell along the z-direction, and an exchange splitting of 159.5 meV.
Topological Properties From a Tight-Binding Model.
-In order to show the topological non-triviality of the gap between the nearly flat band and the dispersive band of trans-Au-THTAP, we first considered a single-orbital tight-binding (TB) model on the kagome lattice, where each single orbital is assumed to be localized around Au. Actually, the wave functions forming the kagome bands are not completely localized on Au and spreading over the π-conjugated system, but we can still assume a singleorbital TB model as long as the lattice symmetry is preserved and the parameters of the TB model are somehow renormalized by the effect of spreading. We added a Zeeman term (exchange splitting) to the Hamiltonian considered in [12-14, 28, 46] to include the effect of ferromagnetism [16] . We considered a complex nearest-neighbor (NN) hopping and a real next-nearest neighbor (NNN) hopping in a Hamiltonian, H = E 0 + H 0 + H SO + H Z , where
Here E 0 is the energy offset and c † iσ and c iσ are the creation and annihilation operators of the σ-spin electron on the ith site of the kagome lattice, respectively. ij and ij denote the NN and NNN bonds, respectively, while t 1 and t 2 are the corresponding real-valued hopping parameters. λ 1 is the NN intrinsic spin-orbit coupling and b is the Zeeman splitting, while σ αβ is the Pauli matrix for the spin component. ν ij is 1 for the counterclockwise hopping and −1 for the clockwise hopping when viewed from above. For simplicity, we have omitted the NNN imaginary hopping parameter λ 2 , which is expected to be much smaller than the others [13] . This TB Hamiltonian conserves the z-component of the spin, so we can divide the one-particle Hilbert space H into H ↑ ⊕H ↓ by the eigenvalue of σ z . We only consider the space H ↓ because there are only spin-down bands near the Fermi energy. In other words, we have projected out the spin-up states by taking the limit b → ∞ first. We can then accurately fit the kagome bands in the DFT calculation with SOC (solid line) to that obtained from the TB model (circles) around the Fermi energy as shown in Fig. 2 (e) with the parameters E 0 = −87.4 meV, t 1 = 45.1 meV, t 2 = 1.0 meV, λ 1 = 1.2 meV. Based on the TB model, we can calculate a topological Chern number (Ch) for each band [47, 48] . From the results displayed in Fig. 2(e) , we can conclude that the nearly flat band is indeed topologically non-trivial with a Chern number of −1 within this TB framework.
Edge States. -Because the topological property of the SOC gap is model-dependent, the choice of the SOC term in the TB model can be somewhat arbitrary. A clear way to show the topological non-triviality of the system is to detect the topological edge states by a DFT calculation. To do so, we again used openmx with a repeated ribbon construction [49] . The calculated band structure is shown in Fig. 3 , where the red and blue dashed lines clearly show the chiral edge states for each boundary and cannot be gapped away. Since we took a different boundary condition for each edge (one with Au aligning along the boundary and the other without Au), they are asymmetric against k x = 0. These edge modes are similar to the ones in Ref. 14 except for the spin-polarization due to its ferromagnetism. The emergence of these non-trivial states localized along the boundaries [50] again confirms the topological nature of the nearly flat band. These two results from TB and DFT show that there exists an exotic phase -a topologically non-trivial nearly flat band with full spin polarization.
Phonon Calculations. -To verify the stability of the proposed geometric structure, we also performed phonon calculations. We used the first-principles electronic state calculation code called Quantum ESPRESSO [51] . These studies show that a flat, free-standing sheet of trans-Au-THTAP may buckle at low temperature [52] , giving rise to imaginary out-of-plane phonon modes [see Fig. S5 in the Supplemental Material]. Experimentally, however, sheets of the target material would likely be tested on a flat surface, not free-standing. Thus, we expect that the out-of-plane modes may be suppressed under experimental conditions, thereby retaining the nontrivial properties. Proximity effects, such as Rashba-type SOC, from various substrates on the electronic and magnetic structure of this material could itself make the subject of interesting future theoretical studies.
Conclusion. -We have proposed several new 2D MOFs, and found that trans-Au-THTAP has a topologically non-trivial nearly flat band from the DFT calculations. This is a novel and realistic example of a system in which a nearly flat band at the Fermi energy is both ferromagnetic and topologically non-trivial. From a synthetic standpoint, we have to note that Au indeed prefers a square planar coordination environment in the +2 formal oxidation state, as discussed in Ref. 53 . We also note that there would be electron correlation effects for the flat-band ferromagnetic ground state that are not properly captured within the DFT framework, which is worthwhile to study in the future.
Although the proposed system does not have a quantized Hall current due to its metallicity, a topologically non-trivial phase realized in the proposed material (called a Chern metallic phase in Ref. 54 ) is still worth investigating. At this moment we have only confirmed the existence of the edge states with a constraint on the spin structure. Future work will probe whether magnetic order can exist along the boundaries and how it would affect the topological edge states. Furthermore, it would be interesting to explore whether one could enhance the band gap given the known tunability of MOFs. This would create a ferromagnetic insulator with a quantized Hall conductance (quantum anomalous Hall effect [55] ) or a fractional Chern insulator [28, 30, 31, [56] [57] [58] [59] [60] with a large (band gap)/(band width) ratio. We note, in this sense, that a no-go theorem has been proven mathematically for topologically non-trivial perfectly flat bands within local tight-binding models [61] .
We wish to acknowledge H. Nishihara, R. Sakamoto and N. Shima In openmx [1], one-particle wave functions are expressed by the linear combination of pseudoatomic basis functions, where the norm-conserving pseudopotentials are used. In our simulation, the generalized gradient approximation represented by Perdew, Burke and Ernzerhof (GGA-PBE) [2] was employed for the exchange-correlation potential. A self-consistent loop was iterated until the energy was relaxed with the error of 10 −7 Hartree. The geometric (structure) optimization of internal coordinates was also iterated until the force became smaller than 10 −4 Hartree/Bohr, and the lattice constant was optimized with the error of 0.01Å. The plot of the density of states (in Fig. 2(b) in the main text) used a Gaussian broadening of 0.01 eV. Initial crystal structures for the geometry optimization were constructed from the molecular structures [3] in the Cambridge Crystallographic Data Centre [4, 5] .
In order to capture the two-dimensional (2D) nature of the proposed MOFs, we defined a repeated slab construction as follows. The distance between the neighboring MOFs is 10Å to neglect the interlayer interaction. We used a 30 × 30 × 1 k-points mesh in the first Brillouin zone and an energy cutoff of 500 Ry for the numerical integrations and the solution of the Poisson equation using the fast Fourier transformation algorithm. The semicore 5p electrons of Au and the semicore 3s and 3p electrons of Cu were treated as valence electrons. As basis functions, 5p, 5d, 5f , 6s, 6p, 6d, 7s, 7p, and 8s orbitals for Au, 3s, 3p, 3d, 4s, 4p, 4d, 4f , 5s, and 5p orbitals for Cu, 2s, 2p, 3s, 3p, and 3d orbitals for C, N, O, 3s, 3p, 3d, 4s, and 4p orbitals for S, and 1s, 2s, 2p, and 3p orbitals for H were employed. We have checked the convergence of the total energy against the increase in the number of basis functions, and we also reproduced the band structure and magnetization using the plane wave code, Quantum ESPRESSO [6] . Therefore, the choice of the basis functions does not affect our conclusion. The calculation details for Quantum ESPRESSO are included in Section F.
In order to calculate the edge states of trans-Au-THTAP using openmx, we defined a repeated ribbon construction as follows. We considered a ribbon of the proposed MOF with the width of 292.8Å (which corresponds to 20 unit cells) along the y-direction [i.e., perpendicular to both the z-direction and the a-direction. See Fig. S1(g) ]. We used a 30 × 1 × 1 k-points mesh. We did not execute the optimization of the atomic configuration and the lattice constant for simplicity. Because we are interested in the topological properties of the proposed bulk structure, we assumed the magnetic easy axis to be the same as the bulk, and imposed the spin orientation on the constraint to be along the z-direction, which is taken to suppress the boundary effect that destabilizes the bulk magnetic ordering. 
Section B: CALCULATED BAND STRUCTURES FOR ALL THE PROPOSED MATERIALS
With the repeated slab construction, we have calculated all the proposed materials without a spin-orbit coupling (SOC) and found that all of these favor a planar hexagonal structure and ferromagnetism. The calculated lattice constants and total spin moments are listed in Table I , and the calculated band structures are shown in Figs. S1(a)-(f) . It can be easily seen that (f) trans-Au-THTAP has the best band structure in the sense that its band structure is accurately fitted to that obtained from a tight-binding model on the kagome lattice around the Fermi energy, as shown in Fig. 2(e) in the main text. In (d) trans-Au-THTTP and (e) trans-Au-TATTP, the lowest band of the kagome bands near the Fermi energy is warping around Γ due to the interference with the lower irrelevant bands, and these bands will not be described by a simple single-orbital kagome tight-binding model. Before introducing spin polarization, the flat band of the kagome lattice is completely half-filled in trans-Au-THTAP [see Fig. S1(h) ]. This unpolarized state will be destabilized and a ferromagnetic order appears in the calculation with spin polarization [see Fig. S1(f) ]. With the repeated slab construction for trans-Au-THTAP, we have compared the band structures of trans-Au-THTAP between GGA(+SOC) and GGA(+SOC)+U, where +SOC means calculations with a spin-orbit coupling. In GGA(+SOC)+U calculations, we added a Hubbard term of U = 2 eV for Au 5d orbitals (which is a value used often for 5d transition metals, such as Ir [7] ). As shown in Fig. S2 , there is no qualitative difference between GGA and GGA+U for the kagome bands, but by including U the exchange splitting grows from 159.5 meV to 162.5 meV, and the SOC gap between the flat band around the Fermi energy and the lower dispersive band changes from 7.8 meV to 6.5 meV. This property agrees with the fact that the flat-band ferromagnetism appears for any U > 0 [8] , and the effect of the (at least infinitesimal) correlation is already included in GGA(+SOC) calculations. It must be noted that van der Waals (vdW) forces are expected to have smaller effects on the band structure because the atoms in the proposed material are connected by covalent or coordination bonds rather than by vdW forces, and the calculation including vdW forces (the DFT-D2 method) does not alter the band structure in a meaningful way. With the repeated slab construction for trans-Au-THTAP, we calculated the bulk spin density without SOC [see Fig. S3(b) ]. In addition to the partial density of states (PDOS) analysis shown in Fig. 2(b) in the main text, the spin density clearly shows the real-space profile of the flat band because almost only the flat band is spin-polarized in the ground state of trans-Au-THTAP. It can be clearly seen that the flat band comes mostly from C 2p z and N 2p z orbitals, with a smaller contribution from Au 5d orbitals. We also calculated the real parts of the spin-down Bloch functions (the periodic part of the one-particle wave function for each k-point) for the flat band near the Fermi energy with SOC [see Figs. S3(d)-(f) ]. There is a strong momentum (k) dependence in the Bloch functions, which is a feature inherent in the nearly-flat-band ferromagnetism [9] , clearly shows that the flat band is not in the trivial atomic limit. 
Section E: REAL-SPACE PROPERTIES OF THE EDGE STATES OF trans-Au-THTAP
When we calculate the edge states of trans-Au-THTAP with the repeated ribbon construction, there could be both non-trivial edge states from the topological property and trivial edge states unrelated to the topological property of the bulk. If we exclude such trivial bands as states in the atomic limit, the existence of the non-trivial edge states shows the topological nature of the nearly flat band, but in order to distinguish the non-trivial states from the trivial ones we have to check the properties of the real-space wave functions. The wave functions for the dashed bands shown in Fig. 3 in the main text are exponentially localized along the boundaries, while there are also trivial flat bands localized along the boundaries. To clarify the difference using concrete examples, we highlighted the non-trivial edge There is a significant momentum (k x ) dependence in the Bloch functions for the non-trivial edge state, whereas for the trivial edge state the real-space structure is almost the same for different k x . Such a difference in the momentum dependence was checked for every edge state. Thus, we can conclude that the trivial edge state is actually in the atomic limit, so we can exclude such states when we consider the topological property of the proposed system.
Section F: CALCULATED PHONON DISPERSION FOR trans-Au-THTAP
To calculate the phonon dispersion, we used the first-principles electronic state calculation code called Quantum ESPRESSO [6] . In Quantum ESPRESSO, one-particle wave functions are expressed by the linear combination of plane waves and the ultrasoft pseudopotentials taken from the THEOS website [11] are used. In this simulation, GGA-PBE [2] was again employed for the exchange-correlation potential. A self-consistent loop was iterated until the energy was relaxed with the error of 10 −16 Ry. Assuming the completely planar structure with a P6/m symmetry, the geometric optimization of internal coordinates was also iterated until the force became smaller than 10 −4 Ry/a.u. and the lattice constant was also relaxed to 16.88Å. We used the repeated-slab construction for the free-standing trans-Au-THTAP with 6 × 6 × 1 k-points mesh in the first Brillouin zone for the electronic state calculations and 3 × 3 × 1 q-points mesh for the phonon calculations. We took energy cutoffs of 50 Ry for wavefunctions and 500 Ry for electron densities.
After applying an acoustic sum rule, which reduces a numerical artifact of the imaginary phonons around Γ, we get the phonon dispersion shown in Fig. S5(a) . In this figure, imaginary frequencies ω are actually displayed by negative values −|ω|. There appear six imaginary modes around K, which suggests structural instabilities in a free-standing slab of trans-Au-THTAP with a P6/m symmetry. However, these modes are all out-of-plane modes along the z-direction, which can be seen from the force vectors at Γ shown in Fig. S5(b) . For the other q-points, the force vectors are complex numbers and cannot easily be drawn in the figure, but we have checked that the complex force vectors only have z-components. Therefore, we expect that by supporting a flat sheet of trans-Au-THTAP on a flat substrate, which is a more realistic experimental scenario than the free-standing sheet used in our calculations, these modes will be suppressed.
